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The enzyme acyl coenzyme Archolesterol acyltrans- 
ferase 1 (ACAT1) mediates sterol esterifi cation, a crucial 
component of intracellular lipid homeostasis. Two en- 
zymes catalyze this activity in Saccharomyces cerevisiae 
(yeast), and several lines of evidence suggest multigene 
families may also exist in mammals. Using the human 
AC ATI sequence to screen data bases of expressed se- 
quence tags, we identified two novel and distinct partial 
human cDNAs. Full-length cDNA clones for these ACAT 
related gene products (ARGP) 1 and 2 were isolated 
from a hepatocyte <HepG2) cDNA library. ARGPl was 
expressed in numerous human adult tissues and tissue 
culture cell lines, whereas expression of ARGP2 was 
more restricted. In vitro microsomal assays in a yeast 
strain deleted for both esterification genes and com- 
pletely deficient in sterol esterification indicated that 
ARGP2 esterified cholesterol while ARGPl did not. In 
contrast to ACATl and similar to liver esterification, the 
activity of ARGP2 was relatively resistant to a histidine 
active site modifier. ARGP2 is therefore a tissue-specific 
sterol esterification enzyme which we thus designated 
ACAT2. We speculate that ARGPl participates in the 
coenzyme A-dependent acylation of substrate(s) other 
than cholesterol. Consistent with this hypothesis, 
ARGPl, unlike any other member of this multigene fam- 
ily, possesses a predicted diacylglycerol binding motif 
suggesting that it may perform the last acylation in tri- 
glyceride biosynthesis. 



The intracellular formation of sterol esters from fatty acid 
and sterol is mediated by acyl-CoA: cholesterol acyltransferase 
(ACAT). 1 The pathological accumulation of cholesterol esters in 
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atherosclerotic lesions has lead to intense pursuit of ACAT 
inhibitors as pharmacological agents. Microsomal ACAT prep- 
arations from various tissues display differential sensitivities 
to some of these agents (1) including histidine modifiers (2). 
This suggests that more than one protein mediates the esteri- 
fication reaction, such as occurs in yeast (reviewed in Ref. 3). 
Saccharomyces cerevisiae (budding yeast) has two ACAT re- 
lated enzymes, Arel and Are2, which are derived from separate 
genes and have been shown to independently esterify sterols t 4, 
5). In terms of contribution to the sterol ester mass of the cell. 
Arel is the minor isoforra relative to Are2. These genes were 
identified based on sequence conservation to a human gene. 
ACATl, which encodes an ACAT enzyme with homologs in 
many mammalian species (6, 7). The human ACATl gene en- 
codes a 550-amino acid polypeptide and is expressed in most 
tissues, predominantly placenta, lung, kidney, and pancreas 
(6). ACATl has been predicted to have two transmembrane 
domains (6) and has been immunolocalized to the endoplasmic 
reticulum (8, 9). When murine ACATl was disrupted in in- 
duced mutant mice, homozygotes for the deletion were found to 
essentially lack ACAT activity in embryonic fibroblasts and 
have negligible amounts of cholesterol ester in the adrenal 
cortex and peritoneal macrophages ( 10). However, cholesterol 
ester accumulation was normal in hepatocytes while dietary 
cholesterol absorption, an indirect marker for intestinal cho- 
lesterol esterification, was indistinguishable from control lit- 
termates. This is consistent with the concept of a multigene 
family for this activity. 

ACAT isoenzymes may be required to perform the variety of 
physiological roles mediated by cholesterol esterification. In- 
creases in cellular free cholesterol above certain levels are 
cytotoxic and are ameliorated by cholesterol ester formation 
(11). In hepatocytes, the bulk of cholesterol secreted in very low 
density lipoprotein is esterified intracellular^ and determines 
apolipoprotein B secretion rates (12-14). Cholesterol esterifi- 
cation in the enterocyte may be necessary for cholesterol ab- 
sorption from the lumen and secretion in chylomicrons into the 
lymph (15). The formation of cholesterol ester stores could also 
provide a readily available substrate for steroid hormone syn- 
thesis in steroidogenic tissues (16, 17). It is likely that different 
ACAT isozymes mediate each of these processes, and the data 
presented here support that hypothesis. 

We reasoned that additional human ACAT proteins would 
have sequence similarity to regions conserved between human 
ACATl and yeast Arel and Are2. (4). Accordingly, an ACAT 
consensus sequence was used to screen the data base of ex- 
pressed sequence tags (dbEST). Several cDNA entries were 
identified which were transcribed from two independent hu- 
man genes. This study is a description of the isolation of full- 
length cDNA clones for two ACAT-related gene products 
(ARGPl and ARGP2), examination of their pattern of tissue 
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expression, and assays of enzymatic activity. We show that 
ARGP2 can catalyze the formation of sterol ester from choles- 
terol and oleoyl-CoA, leading us to rename this gene, ACAT2. 
By contrast, ARGPl did not detectably esterify cholesterol and 
we propose that it performs acyl-CoA-dependent acylation f 
other molecules, such as diacylglycerol. 

EXPERIMENTAL PROCEDURES 

General — Molecular biology techniques were performed by conven- 
tional protocols < 18, 19) and DNA modifying reagents were purchased 
from Life Technologies, Inc., New England Biolabs, or Promega as 
indicated. The Prime It random priming probe synthesis kit was ob- 
tained from Stratagene. The DIG Genius probe synthesis kit and CSPD 
were supplied by Boerhinger Mannheim. Radioactive reagents (| 14 C)o- 
leoyt-CoA and I 3a PldCTP) were purchased from NEN Life Science Prod- 
ucts Inc. Ethidium bromide-stained agarose gels were visualized by the 
Kodak Digital Science ID system. Automated DNA sequencing wy 
performed at the Columbia University Cancer Center sequencing fatfr 
ity, and oligonucleotides were synthesized by Genset. DNA and 
acid sequence analysis and comparisons were performed 
DNAStrider (20), PILEUP, and GAP programs (GCG Inc. (21)) f 
(22), and Identify (Ref. 23, website http^/dna.stanford.edu/identuVX 
Yeast media components were prepared as described ( 18). 

Screening the dbEST—A 30 -ami no acid ACAT concensus peptide 
sequence < F AE M LRFG D RM FYKD WWNSTSYSNYYRTWN ) was QMi 
as the query in a tblastn (which compares a protein sequence against ft 
nucleotide sequence data base translated in all reading frames (24 t 26ft 
search of the data base of expressed sequence tags at NCBLI (dbESfJ^ 
Three clones, H24971, R07932. and R99213, derived from a comma* 
gene (named ACAT related gene product 1, ARGP1), were identiflgj 
Kp < 10 "*t. The entire human AC ATI protein was then used in M 
identical search. In addition to clones of ACAT1 and ARGPl, two 
entries, R 10272 and W 7 6421, with significant similarity were identified 
ip < 10" 5 ). They were derived from a gene we named ARGP2. Rescrecn- 
ing the dbEST with these clones identified two more ARGP2 
Escherichia coli clones with the largest inserts corresponding to 
sequences were obtained from the I.M.A.G.E. consortium and 
quenced with T3, T7, or gene specific primers. i. 

5' Rapid Amplification ofcDNA Ends (RACE) of ARGPl— Oligo(cTB 
primed, double stranded cDNA was reverse transcribed from human, 
ileal, polyf A)~ mRNA, kindly provided by Dr. Paul Dawson, and ligattd 
to adapters using a commercially available kit (CLONTECH, Palo Aho, 
CAL Touchdown PCR (26) was performed for 35 cycles with a forward 
primer complementary to the adapter (API, 5'-CCATCCTAATA0» 
GACTCACTATAGGGC) and a reverse primer (End4A, 5' CCACCT^ 
GAGCTGGGTGAAGAAC) complementary to the ARGPl dbEST doBf 
Z43867. The PCR mixture included 200 nM each oligo, 200 uM dNTft> 
1.75 mM MgCl 2 , 2.5 units of Taq, and the cDNA diluted 1:500. It* 
700-bp reaction product was gel isolated, ligated into YEp352 with a T 
overhang generated by Taq polymerase, and sequenced. 

5' RACE of ARGP2—A human, fetal (20 weeks post-corn 
liver/spleen, oligo(dT)-primed f cDNA library in the vector pT7T3D 
kindly provided by Dr. Bento Scares. PCR was performed with 
cDNA, a forward primer (M13 reverse, 5 * -TG AGCGGATAACAATfc^ 
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clones. The longest clones for each were sequenced multiple times on 
both strands using vector and gene-specific oligonucleotides. 

Tissue Culture— Cultured human Caco2, HeLa. HepG2, and THP1 
cell lines were donated by Dr. R. J. Deckelbaum and originally obtained 
from the ATCC. HepG2, HeLa. and Caco2 cells were maintained as cell 
monolayers in Dulbecco's modified Eagle's medium (Life Technologies. 
Inc.) + 10C* fetal bovine serum / HyClone) in 5^ CO.,. THP1 monocyte 
cells were maintained in suspension in RPMI < Life Technologies. Inc. ) + 
10% fetal bovine serum in 5% CO.. Differentiation of THP1 cells was 
stimulated with 150 ng/ml tetramyristate phorbol ester and 140 u.M 
0-mercaptoethanol. Whole cell RNA was isolated from confluent mono- 
layer cultures or pelleted THP1 cells using TRIzol (Life Technologies, 
Inc.) extraction. The Caco2 cells had been confluent for approximately 
21 days. 

Human Adult and Fetal Multi-tissue Northern Blot Analysis — Com- 
mercially obtained multi-tissue Northern blot (CLONTECH) contained 
2 fig of polytA)" RNA from human adult or fetal (18-24 weeks post con- 
ception) tissues originally resolved on a 1.2Cr agarose, formaldehyde 
gel. The adult tissue membrane was hybridized with a random -hex- 
amer primed, I 32 PJdCTP*labeled probe, generated using the insert of 
the ARGPl dbEST clone R99213. in ExpressHyb buffer (CLONTECH > 
for 1 h at 68 °C. The membrane was washed in 0.1 x SSC. O.Sr* SDS at 
60 # C. After stripping the membrane was probed with ARGP2 (dbEST 
done 10272 insert and the ARGP2 5' RACE product) using the condi- 
tions above. The fetal tissue Northern blot was hybridized with the 
same ARGP2 probe. 

Reverse Transcription PCR — Human cDNA obtained as part of a 
Quick Screen cDNA Panel of Human tissues (CLONTECH) or reverse 
transcribed (Life Technologies. Inc. kit) from human ileal po)y(A)' 
mRNA was used as the template in a PCR reaction with primers 
.■pecific for ARGPl (106, GG C ATCCTG AACTGGTG TGTGGTG ; 110. 
AGCTGGCATCAGACTGTGTCTGG-. ARGP2 (202. GAGTTCCCCCA- 
CATTC ATC AAATCC ; 206, CATGCTGCTGCTCATCTTCTTTGCA >. or 
0-actin (Actl, GAGCTGCCTGACGGCCAGGTC; Act2. CACATCTGCT- 
GGAAGGTGGACAG). The PCR mixture included 1.5 mM MgCl 2 . 200 
jtM dNTPs t 400 nM of each primer, and 2 units of Taq (Life Technologies. 
Inc.). Following 35 cycles (94 °C, 45 s; 60 *C, 45 s; 72 °C, 2 min), the 
products were resolved on a IT agarose, 0.5 ngfrnl ethidium bromide 
gel. For RNA prepared from human cultured cells, first strand cDNA 
synthesis was performed, with and without reverse transcriptase (Su- 
perscript II, Life Technologies, Inc. > using 4 pg of whole cell RNA. A 
fraction of each reaction (10%i was the template in a PCR reaction (30 
cycles of 94 °C, 30 s; 68 °C, 2 min) with primers specific for ARGPl 1 103, 
GCTTCATGGAGTTCTGGATGGTGG; 106, GGCATCCTGAACTGGT- 
GTGTGGTG), ARGP2 (201, GAC ACCTCG ATCTTGGTCCTGCC ; 202, 
•s above) or human ACATl (ACATa. CGGAATATCAAACAGGAGC- 
OCTTC; ACATb, CATTCCAAAGAAC ATGAAGATGCACG ). 

In Vitro Assay of ACAT Activity in Yeast Microsomes — The cDNA 
inserts of the longest ARGPl and ARGP2 HepG2 library clones were 
removed by Not I, £coRI digestion and ligated into the yeast expression 
vector pRS426GP which utilizes the galactose inducible GAL 1/G ALIO 
promoter. A cDNA corresponding to the coding region of human ACATl 
.flanked by 5 bp of 5 '-untranslated region and 1 bp of 3'-untranslated 
region, in pRS426GP was described previously (27). Yeast strain. 
SCY059 (MATa, ade2-l, canll. trpl-1. ura3-l, his3-ll. 15, leu2-3. 112. 





TCACACAGG) complementary to the vector and a reverse primer (2fl§f met 14 &14H pal Sail, arel±NA::HIS3. are2X:LEU2) with deletions in 

~ ' AREl and ARE 2, the yeast homologs of human ACATl (4). was trans- 

formed with the above constructs or pRS426GP using lithium acetate 
•nd nucleic acid prototrophy selection (281. Expression of the constructs 
verified by RT-PCR analysis of RNA isolated from the transformed 
calls. Culturing of the transformed yeast, induction of expression, mi- 
crosome isolation, and sterol es ten Heat ion assays were as described 
previously (27). In those experiments involving diethyl pyrocarbonate 
(DEPC) to modify histidine residues, a preincubation with 100 u\i 
DEPC was performed as described (2). 

RESULTS 

Isolation of Full-length cDNA Clones for Two ACAT Related 
Human Genes — A comparison of the human ACATl protein 
and the two yeast ACAT orthologs (Arel, Are 2) identified a 
highly conserved (70% identical) region of 30 amino acids 
(ACATl amino acids 391-420) near the carboxyl terminus. 
This peptide was used to screen the data base of expressed 
sequence tags (dbEST). The search identified several human 
cDNAs, the longest being 890 bp (GenBank accession number 
: H4592.?\ derived from a common gene we call the ARGPl. To 



5 * -CCCCATGCTG AGGTCTGTGATC AG ), complementary to 
ARGP2 dbEST clone R10272, using the above conditions. The 
reaction product was gel isolated, ligated into pBS:SK (Stratagene) 
a T overhang generated by Taq polymerase, and sequenced. 

Hybridization Screening of a HepG2 cDNA Library — A yeast 
sion library of HepG2 cDNA (size selected for inserts greater 
kb in pAB23BXN, commercially available from Austral Biological*, 
Ramon, CAj, was propagated in the E. coli strain MC1061 and plstt£. 
onto 135-mm LB + ampicillin (50 pgfm\) plates at an approximate 
density of 5000 colonies per plate. Membrane (Hybond-N, AmeramtB^ 
replicas of the plates were probed by hybridization with a digoxigenish 
labeled probe specific for ARGPl (synthesized using a 4 20- bp Notl^ P$£l 
digestion product of the 5' RACE product) or ARGP2 (synthesized using 
the 5* RACE product) in 5 x SSC, 0.05% SDS, 0. 1% N-laurolysarootia^ 
0.1 mg/m] salmon sperm DNA, and 2% (w/v) blocking reagent (Boar* 
hinger Mannheim) at 65 °C for 14-18 h. The membranes were washed 
in 0.2 x SSC, 0.1% SDS at 60 °C for 80 min, incubated with an anti- 
digoxigenin antibody (1:10,000), washed in Tris-buffered saline, ineOr 
bated with the peroxidase substrate CSPD (Boerhinger Mannheim^ 
and detected by enhanced chemiluminescence (ECL). For ARGPl,^ 
single positive clones were isolated after screening —20,000 clones. WT 
ARGP° . 4 single positive clones were isolated after screening -~ 30,00$; 
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Fic. 1. ARGP1 predicted peptide se- 
quence. A 1976-bp ARGP1 cDNA clone 
was identified by colony hybridization 
screening of a HepG2 cDNA library. 
Translation of this clone predicts the 488- 
amino acid peptide shown. The residues 
in bold are conserved with human 
AC ATI. The underlined portions are pre- 
dicted transmembrane domains, a poten- 
tial AMinked glycosylation site is boxed, 
and a putative tyrosine phosphorylation 
motif is in brackets. The sequence has 
been deposited at Gen Bank, accession 
number AF059202. 
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Fig. 2. ARGP2 predicted peptide se- 
quence. A 2040-bp ARGP2 cDNA iso- 
lated by screening a HepG2 cDNA pre- 
dicts the 522-amino acid polypeptide 
shown. The residues in bold are con- 
served with human ACATl. The under- 
lined portions are predicted transmem- 
brane domains, two potential Av-linked 
glycosylation sites are boxed, a putative 
tyrosine phosphorylation motif is in 
brackets, and the circles mark the leucine 
zipper heptad motif. The sequence has 
been deposited at GenBank. accession 
number AF059203. 
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date, 26 clones for human ARGP1 are present in the dbBST 
from fetal liver/spleen, infant brain, breast, cerebellum, hip- 
pocampus, kidney, placenta, testis, ovary tumor, colon tumor/ 
and lung tumor libraries, suggesting ubiquitous and abundjgj$t 
expression. In addition, ARGP1 is also represented as sev«rii 
murine entries (e.g. GenBank accession number C75990). Tfce 
dbEST was then searched using the entire ACATl protein 
sequence. Four human cDNAs, distinct from ARGP1 cDNA 
clones, were identified in fetal liver/spleen and fetal hesrt 
libraries and are derived from a common gene we call ARG0& 
The longest entry was 600 bp (GenBank accession nt 
R10272). To date these are the only dbEST entries for hu 
ARGP2, although several murine entries have been ident 
le.g. GenBank accession number AA4 10072). 

Northern blot analysis of human tissues (Figs. 3 
showed that the initial dbEST clones for ARGP1 and . 
were truncated, relative to the observed transcripts, by apprttft* 
imately 1000 and 1400 bp, respectively. To isolate full-le 
cDNA clones, 5' RACE was performed using cDNA syntheaisM 
from human liver ( ARGP1) or ileal ( ARGP2) mRNA but yie ~~ 
only 600 nucleotides of novel sequence for each. The resj 
5' RACE products were then used as probes to screen a 
selected O2.0 kb), HepG2 cDNA library by hybridization. 1 
longest ARGP1 clone contained 1976 nucleotides and a 
base poly(A) + tract which agreed with the length of the mini- 
mal ARGP1 transcript detected by Northern blot (Fig. 8). 
HepG2 cells express only the 2.0-kb ARGP1 transcript. 3 A 
similar approach identified ARGP2 clones, the longest of which 
contained 2040 bp of sequence with a 50-base poly(A) + tmctjoL 
accordance with the observed length of the ARGP2 transcrfet 
(Fig. 4). : : -\ 

ARGP1 Predicted Peptide — The longest open reading frame 
_ JL 

a T. Seo, P. Oelkers, M. Giattina, R. J. Deckelbaum, and S. U 
manuscript in preparation. 




of ARGP1, flanked by a 244 nucleotide 5'-untranslated region 
and a 265-nucleotide 3' -untranslated region, encodes a 488- 
amino acid protein (Fig. 1 ) with a calculated molecular mass of 
55,216 daltons. The predicted initiator methionine lies within a 
consensus for initiation of translation (29) and downstream of 
an in-frame termination codon. Comparison to ACATl revealed 
22% amino acid sequence identity (29% similarity) over the 
entire molecule. The conservation of these molecules is greatest 
toward the COOH terminus, such that ACATl and ARGP1 are 
28% identical over the last 250 residues. This pattern of se- 
quence similarity is strikingly similar to that observed from 
comparison of ACATl with the yeast Arel and Are2 proteins. 
ARGP1 is predicted to be a membrane bound protein with nine 
putative transmembrane domains and one AT-linked glycosyla- 
tion site. Uniquely, ARGP1 contains a diacylglycerol/phorbol 
ester binding signature sequence (H.[FWY]..(KR].F..P) at 
amino acids 382-392 which was originally identified by com- 
parison of protein kinase C isoforms and diacylglycerol kinases 
(Fig. 7) (36, 37)), This motif is also conserved in the murine 
homolog of ARGP1 residing at the dbEST (GenBank accession 
number AA764382). 

ARGP2 Predicted Peptide— The longest ARGP2 open reading 
frame, flanked by a 51-nucleotide 5 '-untranslated region and a 
420-nucleotide 3 '-untranslated region, predicts a 522-amino acid 
protein with a calculated molecular mass of 59,942 daltons (Fig. 
2). The predicted initiator methionine lies within a consensus for 
initiation of translation (29). Over the entire molecule, the pre- 
dicted protein is 47% identical (54% similar) to human ACATl. 
Ibis conservation is even more pronounced at the COOH-termi- 
nal end of the molecules, raising to 63% identity over the last 250 
residues. ARGP2 is predicted to be a membrane bound protein 
with seven putative transmembrane domains and two AM inked 
glycosylation sites. ARGP2 is similar to ACATl in that it con- 
tains a leucine zipper (338-359) which may mediate multimer- 
ization or interaction with other proteins. ARGP2 does not pos- 
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4.4 - 



1.35- 




Fig. 4. Northern blot analysis of ARGP2 expression in human 
fetal tissues. 2 jig of mRNA from human fetal tissues (CLONTECH 
Fetal MTN II) was resolved on a denaturing. 1.2% agarose gel, trans- 
ferred to a nylon membrane, and hybridized with a [ 32 PldCTP, random* 
hexamer labeled, human ARGP2 probe in Express Hyb solution for 1 fa 
at 65 °C. After washing in 0.2 x SSC, 0.19c SDS at 68 °C for 40 min, the 
membranes were exposed to x-ray film. Molecular weight markers were 
as supplied by CLONTECH. 



sess a predicted diacylglycerol/phorbol ester-binding site. A 
sequenced tag entry (number WI- 11660) for AKGP2 localizes to 
human chromosome 12, further distinguishing it from AC ATI, 
which is located on chromosome 1 (30). 

ARGP1 and ARGP2 Expression in Human Tissues and Tis- 
sue Culture Cell Lines — Expression of a second ACAT would be 
expected in tissues (e.g. liver and intestine) which exhibit nor- 
mal ACAT activity in the induced mutant ACAT1 (acacf) mice 
( 10). Expression of ARGPl and ARGP2 was thus examined by 
Northern blot of human RNA (Figs. 3 and 4). Hybridization of 
an ARGPl cDNA probe to a panel of adult tissue mRNAs 
detected a transcript in all tissues examined (Fig. 3). However, 
ARGPl expression levels varied qualitatively among tissues 
with moderate expression in thyroid, stomach, heart, skeletal 
muscle, and liver and high expression in adrenal cortex, adre- 
nal medulla, testes, and small intestine. The presence of a 
2.0-kb transcript was invariable among the tissues while a 
2.4-kb transcript was observed in about half the tissues, most 
notably the tissues with high expression. The origin of these . 
two transcripts has not been identified, however, their hetero- 
geneity is unlikely to lie at the 3' end of the message since all ;' 
dbEST entries for ARGPl cDNAs terminate at a similar posi- 
tion. Hybridization of the same membrane, under identical 
conditions, with an ARGP2 cDNA probe failed to detect a 
transcript in any tissue (data not shown). Since th four 
ARGP2 dbEST clones were in human fetal libraries, ARGP2 
expression was examined in human fetal tissues by Northern - 
blot (Fig. 4). A 2.2-kb transcript was detected in fetal liv r but 
not in fetal brain, lung, or kidney. 

To further examine the expression of ACAT2 in adults, a 
RT-PCR was performed using cDNA generated from a variety 
of tissues (Fig. 5). As shown, ARGP2 is expressed in human 



Fit;. 3. Northern blot analysis of 
ARGPl expression in human adult 
tissues. 2 of mRNA from human adult 
tissues * panel A. CLONTECH MTN I: and 
panel B. endocrine system MTN) was hy- 
bridized with a [ ,a P]dCTP. random-hex- 
amer labeled, human ARGPl probe in Ex- 
press Hyb solution for 1 h at 68 °C. After 
washing in 0.2 x SSC. 0.1C, SDS at 60 °C 
for 40 min, the membranes were exposed 
to x-ray film. Molecular weight markers 
were as supplied by CLONTECH. 





ARGPl 



ARGP2 




P -actin 



FlG. 5. Analysis of ARGPl and ARGP2 expression in adult 
tissues using RT-PCR, PCR was performed as described 
a Quick Screen Human cDNA Panel i CLONTECH). or cDNA 
transcribed from human ileal poly<Ar mRNA, and primers 
specific for ARGPl, ARGP2, or 0-actin in a standard PCR mixture. The 
PCR products, predicted to be 921 (ARGPl >. 844 <ARGP2>, or 835 
(0-actin) bp, were resolved on ethidium bromide-stained agarose gels 
with a 100-bp DNA ladder iL\ Life Technologies. Inc.). 

adult heart, kidney, liver, lung, pancreas, and ileum. The iden- 
tity of the PCR product was verified by Southern blotting and 
hybridization with an ARGP2 -specific cDNA probe (data not 
•hown). An RT-PCR analysis of ARGPl on these same samples 
gave a similar pattern of expression to that determined by the 
Northern blot in Fig. 3. 

ARGPl and ARGP2 expression in human tissue culture cell 
lines was also examined by RT-PCR (Fig. 6). ARGPl was ex- 
pressed in cell culture models for human endothelial (He La), 
hepatocyte (HepG2), monocyte (undifferentiated THPIj, 
macrophage (differentiated THP1), and intestinal epithelial 
(Caco2) cells. Expression of ARGP2 was limited to HepG2 and 
Caco2 cells. This reinforces the concept that ARGPl is widely 
expressed while the expression of ARGP2 is more restricted. 
ACATl was expressed in all of these cell lines confirming 
previous observations (7, 31 > (data not shown). 

Assay of ACAT Activity in ACAT Negative Yeast Transformed 
with ARGPl andARGP2 — The ability of ARGPl and ARGP2 to 
esterify sterols was assayed in a sterol esterification deficient 
yeast strain (SCY059) in which the endogenous ARE genes 
were deleted (27). Microsomes from these yeast, transformed 
with an expression vector harboring no insert or cDNA inserts 
for ARGPl, ARGP2, or human ACATl were assayed in vitro for 
the incorporation of I 14 C]oleate into sterol ester. Since we pre- 
viously demonstrated that cholesterol is the preferred sub- 
strate for mammalian ACAT enzymes (27, 32). assays were 
performed with exogenous cholesterol supplied in Triton WR- 
1839. As shown in Table I, ARGP2 forms cholesterol ester at a 
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HeLa HepG2 THPlu 
♦ - + - + _ 



THPld 
+ — 



Caco2 

- RT 




ARGP1 



ARGP2 



Pig. 6. Analysis of ARGPl and ARGP2 expression in 
culture cells using RT-PCR. Monolayer cultures of HeLa, HepG2» 
undifferentiated THPl, and Caco2 tissue culture cells were grown as 
described under "Experimental Pprocedures." THPl cells were differ- 
entiated into macrophages by the addition of phorbol ester. Total cel- 
lular RNA was isolated from the cells and reverse transcribed using 
oligo(dT) priming in parallel with reactions which lacked RT enzyme. 
Oligonucleotide pairs complementary to ARGPl or ARGP2 were in- 
cluded in a PCR using the conditions described in the legend to Fig. 5. 
The PCR products, predicted to be 667 (ARGPl) and 352 (ARGP2) bp, 
were resolved on an ethidium bromide-stained agarose gel alongside S> 
100-bp DNA ladder (L; Life Technologies, Inc.). 

Table I 

In vitro analysis of ACAT activity of transformed yeast 
S. cerevisiae strain SCY059 iarel' are2~ \ was transformed with the 
yeast expression vector pRS426GP harboring either no insert or cDNAs 
encoding human ACATl, ARGPl, or ARGP2. Expression was under the 
control of the inducible GAL J/ 10 promoter. Microsomes were isolated 
from galactose induced yeast cultures and incubated in 0.1 M sodium 
phosphate, 1 mM glutathione, 20 nM f 14 C]oleate t with exogenous cho- 
lesterol (260 hm in Triton WR-1339) for 3 minutes at 37 °C. The amount 
of radioactivity incorporated into sterol ester was determined by thin 
layer chromatography and scintillation counting as described. In those 
experiments involving DEPC, microsomes were preincubated at room 
temperature in the presence or absence of 100 jim DEPC for 30 mfa 
prior to the ACAT assay. Data are pmol cholesteryl oleate formed per 
min/mg of protein expressed as mean ± S.E. from at least three differ- 
ent experiments on different preparations or of a representative i 
iment performed in triplicate. 



cDNA 
Expressed 


In vitro microsomal 
ACAT activity 0 


Active site modification* 


Minus DEPC 


Plus DEPC 
(100 mm) 


peareaef 
inhibition 


No insert 


2-2 








ACAT1 


340 i 76 


340 * 16 


69 ± 4 


80% 


ARGPl 


4:3 








ACAT2 


49 ± 15 


45 * 5 


30 ± 1 


33% 



° Representative of three different experiments on different prepara- 
tions. 

h Representative experiment performed in triplicate. 



rate of 49 pmol/min/mg of microsomal protein. This is 24-fold 
over background and about 15% of the activity detected in 
microsomes from ACAT1 transformants. We therefore re- 
named ARGP2 as ACAT2. ARGPl did not display significant 
ACAT activity. None of the enzymes showed the ability to use 
ergosterol, the major sterol in yeast microsomes, as a substrate 
(data not shown). While the ACAT1 and ACAT2 mediated 
activities were equally sensitive (75% inhibition) to th ACAT 
inhibitor Dupl28 (0.5 i±m\ not shown), they showed signifi- 
cantly different sensitivity to the histidine/tyrosine modifying 
agent diethylpyrocarbonate (DEPC, Table I). This reagent was 
previously demonstrated to distinguish liver and adrenal 
ACAT activities, the latter being significantly more sensitive* 
Since adrenal ACAT would primarily represent ACATl, 



data are consistent with ACAT2 representing the DEPC-resist- 
ant isoform identified by Kinnunen et al. (2). 

DISCUSSION 

We have isolated two independent human cDNAs, ARGPl 
and ACAT2. which encode proteins with significant sequence 
similarities to human ACAT1. The level of nucleotide sequence 
conservation between ACAT1 and ACAT2 (55% 'i suggests their 
common evolution possibly arising from a gene duplication 
event, as clearly occurred in the case of the yeast ARE gene 
family. However, ARGPl is more distantly related, bearing 39 
and 43% nucleotide identity with ACATl and ACAT2, respec- 
tively, and may have evolved independently. The uniform sim- 
ilarity between the human genes and the two yeast ARE genes 
precludes any assignment of lineage across species. 

The similarity among the three human ACAT-like proteins is 
most distinct over their COOH-terminal regions just as is the 
case when comparing the yeast Are proteins to AC ATI. The 
predicted ARGPl protein displays 28% identity with ACATl 
over this portion of the molecule and includes a FY.DWWN 
motif present in all cloned ACATs and shown to be important 
for enzymatic activity (Fig. 7A>. : * However, ARGPl is the most 
divergent member of this gene family. For example, a HSF 
motif (residues 268-270) is invariant in ACATl and yeast Are 
enzymes and was critical to ACATl activity in CHO cells. 
Replacement of Ser by Leu produced an inactive and unstable 
molecule (33). This motif is not conserved in ARGPl, although 
several serines are present in the region (e.g. Ser 227 , Fig. IB). 
ARGPl is also unique in its predicted possession of a diacylg- 
lycerol/phorbol ester-binding site (Fig. 7A), leading us to spec- 
ulate that this enzyme might esterify diacylglycerol to produce 
triglyceride. Sequence similarity between diacylglycerol acyl- 
transferase and ACAT enzymes might be expected since both 
have a common substrate, acyl-CoA, but difTer in the alcohol 
(cholesterol or diacylglycerol) used as a second substrate. 

Of the two new gene products described here, ACAT2 dis- 
plays significantly greater sequence similarity to ACATl, with 
an overall identity of 47% and 63% invariance over the COOH- 
terminal half of the molecules. The FY.DWWN motif common 
to this family of proteins is maintained in ACAT2 to the extent 
that the flanking residues render the tyrosine a candidate for 
phosphorylation as observed in ACATl and in yeast (Fig. 7A). 
TVrosine phosphorylation may be a regulator of ACAT activity, 
although serine and threonine phosphorylation is unlikely to 
be involved (34, 35). The HSF motif found in ACATl, Arel and 
Are2 is conservatively replaced in ACAT2 by YSF (residues 
244-246; Fig. 7B>. Interestingly, histidine modifying agents 
selectively inactivate adrenal microsomal ACAT activity but 
display a significantly higher K, (1500 versus 250 /um) against 
liver microsomes (2). It is intriguing to speculate that sequence 
variation in the (H/Y)SF motif may explain this observation. In 
accordance with this, we showed that ACATl was significantly 
more sensitive to DEPC than ACAT2. In common with ACATl, 
Arel and Are2, the ACAT2 sequence predicts a leucine heptad 
motif which may play a role in multipeptide complex formation. 
Radiation inactivation studies in rat liver microsomes have 
shown that the ACAT enzymatic complex is about 200 kDa (36, 
37), much larger than the predicted monomer for ACAT 1 (65 
kDa) or ACAT2 (60 kDa). There is also evidence that ACATl 
interacts with itself in a yeast two-hybrid system (38) and 
ACAT2 may be similar in this regard. ARGPl and ACAT2 are 
also similar to ACATl in terms of hydrophobicity. While pre- 
vious studies suggested that ACATl contains two transmem- 
brane domains (6), the PredictProtein algorithm (39) indicates 

* Z. Guo, D. Cromley, J. T. Billheimer. and S. L. Sturley. manuscript 
in preparation. 
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A The "DWWN" region of the ACAT g ne family 

AREl 482 ELtRFaDRyF YgDWWHcvSf eeFsRiWNVT VHKf LlRHVY hssmgal.hl sKS 

ARE 2 514 BLtRFGDRyF YgDWWNcvSw adFsRiWNiP VHKf LlRHVY hssmssf.kl nKS 

ACAT1 394 EmlRFGDRmF SkDWWNStSy snyyRtWNVv VHdWLyyyaY kdfLvffskr fKS 

ACAT 2 368 EmlRFGDRmF YrDWWNStSf enyyRtWNVv VHdWLysyVY qdgLrllgar arg 

ARGP1 351 ELmqFGDReF YrDWWNSeSv tyFwqnWNiP VHKWciRHfY fcpraLrrgss. .Kw 

Jl * 

Consensus EL-RFGDR-F Y-DWWNS-S F-R-WNVP VHKWL-RHVY L -KS 



B The "HSF" region of the ACAT gene family 

AREl 306 FvMKSHSFAf yNgyLWdlkq 

ARE 2 335 lLMKmHSFAf yNgyLWglk* 

ACAT1 265 FvMKaHSFvr eNvprvLnsA 

ACAT 2 240 FLMKSySFlr eavpgtL.rA 

ARGP1 206 FL.KlfSyrd vNswcr..rA 



Consensus 



FLMKSHSFA N--LWLI-A 



Fig. 7. Consensus sequences in the ACAT multigene family. TJfb.regions of structural and functional conservation are shown. The amino 
acid position of each initial residue is shown. Uppercase residues indkjgfr those of the consensus calculated with a plurality of 2. A, The DWWN 
region. The FY.DWWN motif is invariant in all members identafit&Mjftte of this gene family, the tyrosine and tryptophans being critical to 



activity. 3 In all but ARGP1, the Tyr constitutes a candidate target 
sequence H KWC I RHFYKP represents a candidate for diacylgl; 
H.|FWY]..[KR].F..P). The asterisks identify those residues critical to 
family. B, the HSF region. The central serine residue (indicated a) 
AC ATI 



rylation (indicated in bold and by n). In ARGP1, the underlined 
found in protein kinase C and diacylglycerol kinases 1 motif, 
of this motif that distinguish ARGP1 from the other members of the 
ftxmd to be critical to the activity and stability of Chinese hamster ovary 



eight such domains in ACAT1, similar to the number predicted 
for ARGP1 (nine) and ACAT2 (seven). Membrane spanning 
domains are expected characteristics of ACAT and diacylgfygj^ 
erol acyl transferase enzymes since both activities are asaoctvT 
ated with microsomal membranes (40-42). 71 
In addition to sequence similarity with AC ATI, we expecf 
alternate ACAT enzymes to be expressed in the tissues which 
retain ACAT activity in the induced mutant ACAT1 mouM, 
namely the liver and intestine. ARGP1 met this criteria, hxHh_ 
ever, it is also highly expressed in human adult adrenal cortsqT 
which was depleted of cholesterol esters in the induced mutant 
mouse. Monocytes from acact~ mice were also devoid of choles- 
terol ester and yet ARGP1 mRNA was detected in the hum** 
THP1 monocyte cell line. This evidence is contrary to ARGP1 
being an ACAT, barring species-specific differences in txpr e C 
sion. By the sensitive technique of RT-PCR, ACAT2 expression 
was observed in human adult liver and intestine and in csjf 
culture models of the hepatocyte and intestinal enterocyte faftJtP 
was undetectable in THP1 monocytes and macrophages. TUjjjr 
profile of expression is consistent with a role for ACAT2 in tfetf 
livers and intestine of mammals, particularly ACAT1 knockoqjry 
mice. 

In confirmation of ACAT2 being a candidate for a 
ACAT, heterologous expression of ACAT2 in an ACAT-n« 
yeast strain conferred significant microsomal cholesterol 
ification with oleoyl-CoA at a level comparable to the 20-00 
pmol/min/mg of protein observed in human liver microsomes 
supplied with exogenous cholesterol (43). The ACAT2-mediatsi£ 
esterification activity was significantly (85%) less than ths^; 
mediated by ACAT1 in yeast. This may be due to differences ijft 
protein expression (although both mRNAs were produced it 
high levels as detected by RT-PCR, data not shown), proteto 
stability, or a genuine difference between the two enzyme s*:^ 

Liver ACAT, predicted to comprise both ACAT1 and ACAlf^ 
utilizes a limited range of sterol substrates but a wid variety 
(16:0, 18:0, 18:1, 18:2, and 20:4) of fatty acyl-CoAs (27, 44). 
Determining substrate-specific differences between ACATl 
and ACAT2 may thus explain their redundancy. Th rodtttV 
dancy may also be related to substrate affinity such as sestt 
between the hexokinase types I-III and hexokinase type TW 




(glucokinase) (45). In such a scenario, one ACAT would have a 
lower affinity for cholesterol and only catalyze esterification at 
high cholesterol concentrations. 

In addition to potential differences in activity, the two en- 
cymes may have different physiological roles. For storage, cho- 
lesterol esters concentrate as cytoplasmic neutral lipid drop- 
lets, whereas for lipoprotein synthesis, cholesterol esters are 
incorporated into lipoprotein particles in the endoplasmic re- 
ticulum lumen. Redundant ACAT enzymes might allow one to 
be specific for cytoplasmic release of the cholesterol ester prod- 
uct and another to mediate endoplasmic reticulum lumenal 
release. Since lipoprotein synthesis occurs primarily in the 
liver and intestine, we speculate that ACAT2 may release 
cholesterol ester into the endoplasmic reticulum lumen, leav- 
ing ACATl to esterify and store sterols in the cytoplasm. The 
large amount of cholesterol ester, likely as cytoplasmic drop- 
lets, in the livers of high fat, high cholesterol fed acact' mice, 
is contrary to this hypothesis. Alternatively, ACAT2*s role may 
be important in the fetus since it was easily detected by North- 
ern blot in human fetal liver. 

The abundance of ARGP1 entries in the dbEST from a wide 
variety of cDNA libraries is reflective of the ubiquitous nature 
of ARGP1 expression in human adult tissues and tissue culture 
cell lines. This suggests that ARGP1 serves a function impor- 
tant to many cell types. Expression of two independent clones 
of ARGP1 under the regulation of two yeast promoters, 
GAL1/10 and GAPDH (not shown), failed to detectably esterify 
cholesterol or ergosterol. ARGPl-specific mRNA was identified 
by RT-PCR in each case. We take this as further evidence that 
unlike ACATl and ACAT2, ARGP1 is not involved in choles- 
terol esterification, at least when expressed in yeast. Based on 
the conservation of amino acids in ARGP1 that are important 
fi*r ACATl to be active, ARGP1 likely catalyzes a reaction 
similar to ACAT. Other esterification reactions which use fatty- 
acyl CoAs as substrates include retinol esterification, methyl 
ester formation, triterpene esterification, monoacylglycerol 
transferase, and diacylglycerol transferase. In the latter case 
our observations of a diacylglycerol -binding site in ARGP1 
biases us to the possibility of ARGP1 being diacylglycerol acyl- 
transferase, which to date has not been isolated at the molec- 
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ular level. We are presently investigating whether ARGP1 can 
mediate these reactions. 
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